Astroviruses are non-enveloped, positive-strand RNA viruses. Their structural (capsid) protein is processed extracellularly into several smaller fragments which are found on the mature viral particle. In addition, intracellular cleavage of the capsid protein has been proposed. However, analysis of capsid protein processing has been hampered by the lack of antibodies to regions near the N and C termini of the protein. Here we describe the construction of two infectious mutants of human astrovirus serotype 1 (HAstV-1), in which amino acids (aa) 11-30 or aa 783-787, respectively, of the 787 aa capsid protein were replaced by tag sequences. Processing of the tagged capsid proteins in infected Caco-2 cells was analysed by immunoprecipitation with specific reagents directed against the tags or against native internal regions of the capsid protein. No intracellular processing of the capsid protein in infected cells could be detected, while assembled viral particles were readily observed within cells.
Astroviruses are non-enveloped, positive-strand RNA viruses. Their structural (capsid) protein is processed extracellularly into several smaller fragments which are found on the mature viral particle. In addition, intracellular cleavage of the capsid protein has been proposed. However, analysis of capsid protein processing has been hampered by the lack of antibodies to regions near the N and C termini of the protein. Here we describe the construction of two infectious mutants of human astrovirus serotype 1 (HAstV-1), in which amino acids (aa) 11-30 or aa 783-787, respectively, of the 787 aa capsid protein were replaced by tag sequences. Processing of the tagged capsid proteins in infected Caco-2 cells was analysed by immunoprecipitation with specific reagents directed against the tags or against native internal regions of the capsid protein. No intracellular processing of the capsid protein in infected cells could be detected, while assembled viral particles were readily observed within cells.
Human astrovirus has been recognized as one of the leading causes of viral gastroenteritis in young children worldwide (Matsui & Greenberg, 2001) . The positive-strand, non-enveloped virus contains a polyadenylated genomic RNA of about 6n8 kb displaying three open reading frames, ORF1a, ORF1b and ORF2. ORF1a and 1b, which are believed to encode a protease and an RNA-dependent RNA polymerase, respectively, are translated directly from the 5h two-thirds of the genomic RNA Lewis et al., 1994) . In contrast, expression of the viral capsid protein encoded in ORF2 requires the transcription of a subgenomic RNA comprising the 3h one-third of the genomic RNA sequence Author for correspondence : Suzanne Matsui (at VA Palo Alto Health Care System). Fax j1 650 852 3259. e-mail sumatsui!Stanford.edu Lewis et al., 1994) . The capsid protein of human astrovirus serotype 1 (HAstV-1) (Oxford strain) is 787 amino acids (aa) in length, with aa 1 through aa 415 showing a high degree of conservation among the eight known strains of human astrovirus (Me! ndez-Toss et al., 2000) . Within this conserved N-terminal domain, aa 18 through aa 62 contain an unusually high proportion of basic amino acids (40 %).
The capsid protein with a calculated molecular mass 87 kDa appears to be processed into at least three proteins which are found on the mature, trypsin-activated viral particles. Depending on the serotype and the isolation method used, these proteins range in size from 24 to 26 kDa, 29 to 31n5 kDa and 32 to 34 kDa (Willcocks et al., 1990 ; Monroe et al., 1991 ; Sa! nchez-Fauquier et al., 1994 ; Belliot et al., 1997 ; Bass & Qiu, 2000) . In one study (Sa! nchez-Fauquier et al., 1994) , Nterminal sequencing of the 26 and 29 kDa fragments indicated processing after aa 361 and 394 of the capsid protein, respectively. In a subsequent study (Bass & Qiu, 2000) , this cleavage was shown to occur extracellularly on the viral particle after addition of trypsin only. In addition, Bass & Qiu (2000) proposed that intracellular processing of the capsid protein at aa 70\71 in the capsid protein is a prerequisite for virus assembly. The fate of the N-terminal 70 aa after cleavage was not determined because this region of the capsid protein could not be detected by the antibodies used in the study.
The high concentration of basic amino acids in the Nterminal region of the astroviral capsid protein is reminiscent of the capsid or coat proteins of other icosahedral RNA viruses, where a highly basic N-terminal region has been shown to be involved in packaging of the viral genomic RNA into the virion (Geigenmu$ ller-Gnirke et al., 1993 ; Baer et al., 1994 ; Rao & Grantham, 1996 ; Schmitz & Rao, 1998) . It is therefore likely that the arginine-and lysine-rich sequence from aa 18 through aa 62 of the astroviral capsid protein also plays a crucial role in binding of the viral genomic RNA, and knowledge of its fate during and after capsid protein processing is critical for understanding astroviral assembly. However, tracking of the N-terminal portion of the capsid protein has been hampered by the fact that none of the available capsid protein-specific antibodies ; Sa! nchez- * Deletions and insertions in pAVIC∆11-30, pAVIC∆31-50 and pAVIC-Strep were generated using a PCR-based strategy involving overlapping primers (Higuchi et al., 1988 ; Ho et al., 1989) . pAVIC-His was constructed by conventional cloning, by transferring the coding sequence for an MGRGSHHHHHHAS-tag into the newly introduced StuI site in pAVIC∆11-30. All PCR-derived regions in pAVIC∆11-30, pAVIC∆31-50 and pAVIC-Strep, as well as cloning junctions in pAVIC-His, were verified by sequencing. Tag sequences are indicated in bold type. † BHK cells transfected with wild-type AVIC RNA generated infectious viral particles at about 5i10( infectious units\ml. Bass & Upadhyayula, 1997) are directed at epitopes close to the N terminus.
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Here we describe the construction of an infectious mutant of HAstV-1 expressing an antigenic epitope tag within the Nterminal region of the capsid protein which enables tracking of the proposed N-terminal processing product of the capsid protein with a commercially available antibody. In a control construct, a different tag was fused at the C terminus of the capsid protein, where no intracellular processing is expected. Using immunological reagents against the N-proximal and Cterminal tags, respectively, as well as antibodies against internal capsid protein-specific epitopes, we analysed processing of wild-type and epitope-tagged capsid protein in infected Caco-2 cells. In contrast to published results (Bass & Qiu, 2000) , no intracellular processing of the capsid protein could be detected, while assembled viral particles were readily observed in infected cells.
Based on its proposed role in packaging of the viral RNA, the N-terminal region of the capsid protein is likely to be exposed on the inner surface of the capsid shell. It therefore seemed probable that the capsid protein would be able to tolerate deletions and insertions near its N terminus without losing the ability to form infectious viral particles. From studies of astroviral reporter constructs that encode capsid-reporter fusion proteins (Matsui et al., 2001) , we knew that the 5h 30 nucleotides (nt) of ORF2, but not the 5h 6 nt, were sufficient to ensure efficient expression of ORF2. Deletions were introduced downstream of the 5h 30 nt of ORF2, preserving the Nterminal 10 aa of the capsid protein. Specifically, sequences encoding aa 11-30 or aa 31-50 of the capsid protein were deleted from the infectious astroviral cDNA clone, pAVIC (Geigenmu$ ller et al., 1997) , and replaced by a 24 base-pair sequence containing three unique restriction sites (SmaI, PmlI, StuI), generating pAVIC∆11-30 and pAVIC∆31-50, respectively (Table 1) . To determine the infectious phenotype of these astroviral mutants, RNA was transcribed in vitro from pAVIC∆11-30, pAVIC∆31-50 and pAVIC with T7 DNAdependent RNA polymerase (Promega), and used in Lipofectinmediated transfection of BHK cells according to the manufacturer's instructions (Invitrogen). After overnight incubation, cells plus supernatant were harvested, and the titre of viral particles generated by the transfected BHK cells was determined by infection of Caco-2 cells as described previously (Geigenmu$ ller et al., 1997) . Successfully infected Caco-2 cells were identified by immunostaining with a capsid-protein specific monoclonal antibody, mAb 8E7 , and a secondary goat anti-mouse Texas Red-or FITCconjugated IgG, and observed under an immunofluorescence microscope. Both mutant RNAs, encoding capsid proteins lacking aa 11-30 or 31-50, gave rise to infectious viral particles. Compared to AVIC RNA, the titre of infectious units derived from AVIC∆31-50 RNA was reduced dramatically by a factor of 1000 (Table 1) . In contrast, infectivity of AVIC∆11-30 RNA was only 2-fold lower than that of wildtype AVIC RNA. Thus, the region of the capsid protein encompassing aa 11-30 shows a high tolerance for deletions and insertions in the context of the viral particle. This finding supports the initial hypothesis that the N-terminal part of the capsid protein remains exposed within the virion and is involved in packaging of the viral RNA.
Based on these results, the coding sequence for an antigenic epitope tag (His-tag) was inserted into the newly created StuI restriction site in pAVIC∆11-30, generating pAVIC-His (Table  1) . In another construct, a 9 aa Strep-tag (Schmidt & Skerra, 1993) was fused to aa 782 of the capsid protein encoded by pAVIC, replacing the five C-terminal ORF2-encoded amino acids (pAVIC-Strep). RNA was transcribed in vitro from pAVIC-His, pAVIC-Strep and pAVIC, and infectivity determined as before. BHK cells transfected with either AVIC-His RNA or AVIC-Strep RNA produced infectious particles at reduced titres (3-to 15-fold) compared to BHK cells transfected with AVIC RNA (Table 1) A, B) Cells expressing capsid protein were metabolically pulse-labelled, lysed and subjected to immunoprecipitation with various antibodies, or precipitation with streptavidin-agarose, as described in the text. Immunoprecipitates were separated by SDS-PAGE on (A) a precast (Novex, Invitrogen) or (B) a self-cast 10 % polyacrylamide Tris-glycine gel (Laemmli, 1970) , and visualized by autoradiography. Prestained molecular mass standards (A, MultiMark, Novex, Invitrogen ; B, Rainbow marker, Amersham Pharmacia Biotech) were run in parallel, and their positions on the gel transferred to the autoradiogram.
To analyse processing of both the wild-type capsid protein and the tagged versions encoded by pAVIC-His and pAVIC-Strep, Caco-2 cells were either infected with wild-type HAstV-1 at an m.o.i. of 0n5, or with viral particles generated by BHK cells that had been transfected with AVIC-RNA, AVIC-His RNA or AVIC-Strep RNA. After overnight incubation in the absence of trypsin, the infected Caco-2 cells were placed in methionine\cysteine-free medium for 30 min, and then metabolically labelled with [$&S]methionine and [$&S]cysteine (100 µCi Tran$&S-label per well, ICN Biomedicals) for 30 min. This labelling pulse was followed by a 3 h chase with medium containing unlabelled methionine and cysteine, following the conditions described by Bass & Qiu (2000) . Subsequently cells were lysed, and the lysates subjected to immunoprecipitation with a panel of capsid protein-or tag-specific antibodies (Gilbert & Greenberg, 1997) . Capsid protein containing the Cterminal Strep-tag was detected by direct precipitation with streptavidin-agarose according to the supplier's instructions (Gibco-BRL). All precipitates were separated by SDS-PAGE (Laemmli, 1970) .
Three antibodies were used for immunoprecipitation. While the monoclonal antibody mAb αHis (Qiagen) is directed against the N-proximal epitope expressed only by AVIC-His, the polyclonal antibody pAb 14 and the monoclonal antibody mAb 8E7 both recognize capsid protein-specific epitopes. Specifically, pAb 14 was produced in mice inoculated with a bacterially expressed dihydrofolate reductase fusion protein containing aa 395-488 of the capsid protein. This peptide sequence was previously identified as an immunoreactive epitope on mature viral particles (Matsui et al., 1993) , and is contained within the 29 kDa and 26 kDa capsid protein cleavage products. The epitope for mAb 8E7, which was raised against complete astrovirus , was narrowed down to aa 71-260 of the capsid protein by deletion analysis (U. Geigenmu$ ller, unpublished data) .
Surprisingly, all of the reagents used for immunoprecipitation detected only one major capsid protein-derived band of about 98 kDa in infected Caco-2 cells (Fig. 1A) . The reactivity of the 98 kDa fragment with all of the immunological reagents, directed against the N terminus (mAb αHis), the C terminus (streptavidin) and two central regions of the capsid protein (mAb 8E7, pAb 14), unambiguously identified it as the fulllength capsid protein. There was no indication of any intracellular processing of the capsid protein close to the N terminus. Two fainter bands of about 82 kDa and 75 kDa, that were also seen in Fig. 1(A) , were detected with both mAb 8E7 and mAb αHis, and therefore cannot represent products of cleavage at or near the N terminus, which would remove the His-tag from any C-terminal cleavage product. Instead, these fainter bands could result from either non-specific degradation or specific cleavage of a small portion of the full-length capsid protein near the C terminus. The lack of processing of the 98 kDa fragment close to the N terminus is unlikely to be due to an inhibitory effect of the N-proximal located His-tag, because no processing of the 98 kDa band could be detected in Caco-2 cells expressing wild-type capsid protein, either. Detection of ordered aggregates of viral particles in those cells by electron microscopy (Fig. 2) furthermore indicates that the unprocessed capsid protein can assemble into viral particles. At present there is no obvious explanation for the discrepancy between the data presented here and those published by Bass & Qiu (2000) . However, studies on the processing of the capsid protein of HAstV-8 have also failed to detect cleavage close to the N terminus (E. Me! ndez, personal communication).
It is noteworthy that at 98 kDa the apparent molecular mass of the full-length capsid protein is about 10 kDa greater than the 87 kDa calculated from the number of amino acids in the protein. The capsid protein-specific band immunoprecipitated from BHK cells transfected with AVIC RNA can also be seen to clearly run above the 97n4 kDa molecular mass marker band (Fig. 1B) . This finding suggests that the capsid protein may be modified post-translationally, raising its apparent molecular mass by about 10 kDa. Post-translational modification of viral capsid proteins has been reported for other non- Detection of assembled viral particles in infected Caco-2 cells. Caco-2 cells were infected with the combined cell lysates and supernatants from BHK cells transfected with AVIC RNA, and after overnight incubation in the absence of trypsin and presence of serum scraped off, pelleted and fixed overnight at 4 mC in 2 % glutaraldehyde in 0n1 M phosphate buffer, pH 7n2. The fixed cell pellet was then treated like a tissue sample and prepared for electron microscopy as described in Glauert (1965) . Magnification : 50 000i. enveloped viruses (Soldevila et al., 1998 ; Fang et al., 1999 ; Maroto et al., 2000) .
In summary, we describe the construction of two infectious mutants of HAstV-1 which code for capsid proteins carrying either an N-proximal His-tag or a C-terminal Strep-tag. The region of the capsid protein encompassing aa 11-30 was found to be highly tolerant of deletions and insertions, and an antigenic His-tag inserted in between aa 10 and 31 was readily accessible to antibody recognition on capsid protein present in cell lysates. Similarly, a 9 aa Strep-tag replacing aa 783-787 of the capsid protein could be detected by binding to streptavidin. When Caco-2 cells were infected with wild-type HAstV-1 or the HAstV-1 mutants encoding tagged capsid proteins, no intracellular processing of the astroviral capsid protein could be detected. Since ordered arrays of assembled viral particles were clearly visible in infected cells, virus assembly does not seem to depend on prior processing of the capsid protein. We are indebted to Lyndon Oshiro for his help with the electron microscopy studies.
